Abstract. The latitudinal and seasonal variations of gravity wave (GW) potential energy density (E P ), kinetic energy density (E K ), and total energy density (E T ), i.e, the sum of potential and kinetic energy densities in the tropospheric (typically 2-10 km) and lower stratospheric (typically 18-25 km) segments have been derived from 10 years (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007) of radiosonde observations over 92 United States stations in the Northern Hemisphere. The latitudinal variation of E P in the lower stratosphere is in good agreement with satellite observations. However, E K and E T in the lower stratosphere are different from satellite observations and the difference is believed to be linked with the latitudinal dependence of GW sources. Our analysis reveals that GW energy properties exhibit distinctive latitudinal and seasonal variations. The upward-propagating GW energy in the troposphere is larger than that in the lower stratosphere at low latitudes but the opposite holds true at high latitudes. The transition latitude, where the upward-propagating energies in the two altitude regions are the same, occurs at 35 • N throughout the year. So striking differences between GW activity in the troposphere and lower stratosphere are not likely explained only by the background wind Doppler shifting due to strong tropospheric jets. Our analysis indicates that the region around tropopause, roughly from 10 km to 18 km, is an important source region, especially at latitudes below 35 • N. Our studies strongly suggest that in order to fully understand the global GW activity in the lower atmosphere, the GW kinetic energy and its geographical and seasonal variations should be included, and more attention should be given to GWs in the troposphere and GW sources within the intermediate region, especially the upper troposphere.
Introduction
Decades of observations and simulations have revealed the key role of gravity waves (GWs) in determining the local and global dynamic and thermal structures of the middle and upper atmosphere by dissipating their energy and momentum in the background atmosphere through various complex processes. In modeling global scale atmospheric dynamics, the effects of GWs must be parameterized to obtain realistic mean atmospheric circulations and thermal structures. However, the parameterized GW effects are believed to be major sources of uncertainties in model predictability and reliability. Numerical experiments suggested that different wave source parameterizations could lead to rather different results (Manzini and McFarlane, 1998) and an appropriate source parameterization is essential in developing a good wave drag parameterization. Lack of observations, especially global observations, is one of the primary limitations in developing and verifying GW source parameterizations. The lower atmosphere, especially the troposphere, is believed to be the main source region of GWs propagating in the middle and upper atmosphere. Thus, observations of lower atmospheric GWs are important in extending our knowledge of atmospheric GWs and their impacts on the background atmospheric dynamic and thermal structures.
Satellite observations have contributed significantly to our understanding of global gravity waves (GWs) in the lower atmosphere (Fetzer and Gille, 1994; Wu and Waters, 1996; Eckermann and Preusse, 1999; McLandress et al., 2000; Tsuda et al., 2000; Venkat Ratnam et al., 2004; Fröhlich S. D. Zhang et al.: Variations of lower atmospheric inertial gravity wave energy Alexander et al., 2008; Hei et al., 2008) . A salient result revealed by these satellite observations is that the lower stratospheric GW energy exhibited a prominent peak (maximum absolute value) in the low latitudinal region. A seasonal cycle of GW energy can be observed in middle latitudes (Tsuda et al., 2000) . Such a lower latitudinal peak (maximum absolute value) was supported by multistation radiosonde observations (Allen and Vincent, 1995; Wang and Geller, 2003; Wang et al., 2005) . It should be noted that because of the difficulties in lower atmospheric wind field measurements, most of the above cited satellite observations took the GW potential energy density (E P ), estimated from the temperature measurement, as an indicator of total gravity wave energy density (E T ), i.e., the sum of potential and kinetic energy densities (E K ). That is to say that the peak of GW energy in low latitudes revealed by satellite observations in fact indicated only the peak of E P rather than that of E T . Although the GW kinetic energy can be estimated from wind profiles by radiosonde observations, unfortunately, some multi-station radiosonde observations (e.g., Allen and Vincent, 1995) focus mainly on the potential energy and little attention has been paid to the wave kinetic energy and total energy. Wang and Geller (2003) have investigated both E P and E K from 4 years (1998) (1999) (2000) (2001) of US high vertical resolution radiosonde observations over more than 90 stations and found that E T of stratospheric GWs have very large value sin winter in middle latitudes. Recently, Zhang and Yi (2007) analyzed the radiosonde observations from five stations located in latitudes of 20 • N-40 • N and found that although the E P has a maximum value at Haikou station (110 • 12 E, 20 • 12 N), which is in the lowest latitude among these five stations, the E K and E T exhibited maximum value in latitudes about 30 • N due to the strong tropospheric jet, which is thought to be an important GW source. Thus, a question arises: Do the kinetic energy and the total energy in the lower stratosphere really have completely identical latitudinal and seasonal variations as those of the potential energy?
Radiosonde observations can measure both the lower atmospheric temperature and horizontal winds with high resolution, which allow us to simultaneously estimate E P and E K . Moreover, radiosonde observations usually have wide land coverage and long term accumulation, thus, multistation radiosonde observations should be favorable to reveal the latitudinal variation of GW energy densities. Up to now several multi-station radiosonde observations have been reported (Allen and Vincent, 1995; Wang and Geller, 2003; Wang et al., 2005; Zhang et al., 2006; Zhang and Yi, 2007; Gong et al., 2008) . However, some limitations of these previous observations should be noted: 1) Narrow latitude coverage or too few stations were included. In the study by Zhang et al. (2006) and Zhang and Yi (2007) , data from only 5 stations in latitudes 20 • N-40 • N were included. 2) Relatively short-term data accumulation. Allen and Vincent (1995) analyzed only 2 years data from 18 stations in latitudes 12 • S-68 • S. 3) Concentrated mainly on wave potential energy rather than the total energy density (Allen and Vincent, 1995) . In these studies, the total energy density E T was estimated from only the normalized temperature fluctuations (Allen and Vincent, 1995) by applying a linear GW spectral theory, in which a constant spectral index p of 5/3 is used. Furthermore, aside from of these limitations, the multi-station radiosonde observations are generally sparse.
Another question is what role tropospheric GWs play in determining the middle and upper atmospheric dynamics. Previous radiosonde observations at equatorial stations (Vincent and Alexander, 2000) suggested upward-propagating waves excited in the troposphere had no significant influences on the upper atmospheric dynamics due to the absorption by the tropospheric jet, and only the stratospheric GWs might propagate upward and exert a profound impact on the dynamic and thermal structures of the middle and upper atmosphere. However, by using multi-station radiosonde data, Wang and Geller (2003) analyzed GW energy in both troposphere and lower stratosphere and suggested the time series of tropospheric GW energies is virtually uncorrelated with that in the lower stratosphere. Furthermore, Zhang and Yi (2007) carefully compared the parameters of GWs in the troposphere and lower stratosphere (TLS) and found that the differences of GWs in these two height regions could not be completely explained by linear gravity wave dispersion relation and background wind Doppler shifting. Recently, Gong et al. (2008) investigated the source spectra information for GWs in the lower stratosphere by using multi-station US radiosonde data. Moreover, numerical studies (Manzini and McFarlane, 1998) emphasized the importance of further understanding of the characteristics of GW activity in their source regions, which are believed to be located mainly in the troposphere instead of the stratosphere. This paper is a study extending the work of Wang and Geller (2003) and Wang et al. (2005) with the benefit of an extended data set. The purpose of this paper is to study the latitudinal and seasonal variations of total GW energy density in both the troposphere and lower stratosphere by analyzing routine radiosonde data in a wide geographical region. The data description and processing method are introduced in the following section. The statistical results and discussions are presented in Sects. 3 and 4, respectively. In the last section, we give a brief summary.
Data description and analysis method
The data used in this paper are the United States radiosonde data in 1998-2007 obtained from National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center (NCDC). These data are freely accessed through the Stratospheric Processes and Their Role in Climate Data Center (http://www.sparc.sunysb.edu/). There are 93 stations in total, located across the contiguous United States, Alaska, Wang and Geller (2003) , the geographic distribution of these stations is somewhat irregular. For instance, 1) all the stations in the south of 10 • N are islands in the Western Pacific; 2) between 15 • and 30 • N, the stations are either located in the Central Pacific or in the Carribbean islands; 3) in the mid-latitudes, they are located in the contiguous US; and 4) in north of 50 • N, the stations are solely located in Alaska. Generally, at each station, the radiosonde observations are launched twice daily at 00:00 and 12:00 UT. In each sounding, pressure, temperature, relative humidity and horizontal winds are measured. The atmosphere is sampled at irregular height resolution, ranging from ten to hundreds meters. For convenience, in this paper the raw data were processed to have a regular height resolution (50 m) by applying a cubic spline interpolation to temperature and wind measurements. The maximum altitude of radiosonde observation corresponds to the burst height of the balloon, which is typically 25-30 km. Thus we chose 25 km as the upper height limit of our analyses.
Employing the method presented by Zhang and Yi (2005, 2007) , we can obtain the inertial GW parameters, including intrinsic frequency, amplitude, wavelength and wave energy density. Here we briefly introduce the method. Firstly, the background winds and temperature were removed by fitting a second-order polynomial to the vertical profiles of horizontal winds and temperature, respectively. Then, the residuals are regarded as fluctuation components. Typically, the fits are performed for two separate height ranges: a tropospheric segment from 2 km above the ground to 10 km, and a low stratospheric segment from 18 km to the lower height between 25 km and the burst height of balloons. For stations with lower (lower than 12 km) tropopause height, the upper limit height for the tropospheric segment is chosen to be 2 km below the tropospause. While for stations with higher (higher than 16 km) tropopause height, the lower limit of the stratosphere segment is set to be 2 km above the tropopause. Moreover, since the height coverage for both the tropospheric and stratospheric segments are variable, only when the height coverage is larger than 5 km do we consider an acceptable measurement to be attained, and the data can be adopted.
Subsequently, we perform a Lomb-Scargle spectral analysis (Scargle, 1982) on the fluctuation components to determine the vertical wavelength. Obviously, the dominant vertical wavelengths derived from three different wave components (e.g., zonal wind, meridional wind and temperature) may be different. In our analysis the average value of these three dominant wavelengths is taken to be the wavelength of the extracted quasi-monochromatic gravity wave. Only when the relative standard deviation of the three dominant wavelengths is less than 20% do we consider a quasimonochromatic GW observed. Such a criterion will lead to smaller energy density and occurrence rate of GW events.
Having specified the vertical wavelength, we take a harmonic fitting to the fluctuation components to determine the wave amplitudes [u ,v ,T ] and phases for each wave component. The hodograph of the fitted horizontal wind disturbances is an ellipse, and the anti-clockwise or clockwise rotating hodographs indicate that the GW energy is, respectively, downward-or upward-propagating in the Northern Hemisphere. Wave kinetic and potential energies per unit mass are computed from
and
respectively, where T 0 is the background temperature, which is attained from the second-order polynomial fits of the raw temperature profiles; N is the buoyancy frequency, which can be calculated from the background temperature profile; g is the gravitational acceleration; the over bar denotes an unweighted average over height. Although we do not have measurements of the vertical wind, it is much smaller than the horizontal wind (Venkat Ratnam et al., 2008) and thus neglected in our computation of wave kinetic energy.
Results
By using the approach introduced in Sect. 2, we calculate complete GW parameters, e.g., the intrinsic frequency , vertical wavelength, horizontal wavelength, wave amplitude, E P , E K and E T for each measurement. Generally, the ranges of GW parameters revealed by the present analyses are consistent with previous observations (Wang and Geller, 2003; Wang et al., 2005) . In order to study the latitudinal variation of GW activity, the calculated GW energy is divided into 5 • bins in latitude. Figure 1 illustrates the latitudinal and monthly variations of GW potential, kinetic and total energy densities in the TLS. The latitudinal and seasonal variations of E T in both troposphere and lower stratosphere are in good agreement with the results presented by Wang and Geller (2003) . A salient feature of the lower stratospheric GW potential energy density (E P ) shown in Fig. 1 is its poleward decrease trend. Although due to the lack of latitudinal coverage of radiosonde stations, we can not assert the exact latitude where the lower stratospheric E P has the maximum value, the E P does exhibit a prominent peak value about 3.7 J kg −1 in the lowest latitudes of 5 • N-10 • N. Moreover, the poleward decrease trend of E P is steeper in the low latitudes than that in the high latitudes. The latitudinal variation of E P in the lower stratosphere is consistent with satellite observations (Tsuda et al., 2000; Venkat Ratnam et al., 2004) and previous multi-station radiosonde observations (Wang and Geller, 2003; Wang et al., 2005) . Moreover, the vertical wavelengths (not presented here) for GWs in the lower stratosphere derived from present radiosonde observations are usually less than 5 km and concentrate around 2 km, which is in good agreement with satellite observations (Tsuda et al., 2000; Venkat Ratnam et al., 2004) . These suggest that most of the latitudinal variation of GW activity can be revealed by the long-term multi-station radiosonde measurements. We would like to note that satellite observation results (Tsuda et al., 2000) were based on the lower stratospheric temperature variances with small vertical wavelengths, which were extracted by filtering from measured temperature profiles. In other words, the satellite observations mainly revealed the features of broad spectral GWs in the lower atmosphere, while the radiosonde observations presented in this paper in fact reflect the features of monochromatic GWs. Therefore, the consistence between the radiosonde and satellite observations also seems to imply that in the lower stratosphere, most small scale disturbances owe to monochromatic GWs. The lower stratospheric E P in the low latitudes has a strong seasonal cycle: the large and small values occur in winter and summer, respectively. A similar but rather weak seasonal variation can be observed in high latitudes, while in the middle latitudes no obvious seasonal variation can be found. This seasonal variation of GW E P is different from that revealed by the satellite observations (Tsuda et al., 2000) , in which a strong seasonal cycle of E P was found in the middle latitudes. Such a difference may be due to geographical distribution of the radiosonde stations. All subpolar stations are located in Alaska. And all the data used in this paper in the south of 10 • N are from stations located in islands in the Western Pacific, where deep convection with strong annual variation may be the main GW source.
Lower stratospheric GW energy
As predicted by the linear GW theory, E K in the lower stratospheric segment shown in Fig. 1 is generally larger than E P . Similar to E P , E K in the lower stratosphere also exhibit an evident peak in low latitudes. More interestingly, besides the low latitudinal peak, E K also has a weaker peak in the middle latitudes (30 • N-40 • N), which is different from E P and is likely caused by strong tropospheric jets in the middle latitudes. In fact, many previous observations have confirmed that the mid-latitude tropospheric jet can generate intensive GWs (Plougonven et al., 2003; Zhang and Yi, 2005 , 2007 . And, recent satellite observations by Venkat Ratnam et al. (2004) have also confirmed a second maximum of E P at midlatitudes during winter. More differences can be observed in their seasonal variations: The lower stratospheric E K has obvious seasonal variation in almost all latitudes, including the middle latitudes. These differences imply that the variations of total gravity wave energy density, i.e. E T , may not be represented only by E P . Considering that the GW kinetic energy is usually larger than the potential energy, the kinetic energy should exert more contributions to the total GW energy than the potential energy.
Due to the contribution of E K , the total energy densities E T in the lower stratosphere show two enhancement latitudinal regions. The strong one is in low latitudes, and the weak one is around the latitudes of 35 • N, potentially due to the strong tropospheric jet in middle latitudes, which has been seldom reported by satellite observation because of the difficulty in wind measurement. Another important feature of the lower stratospheric E T is their evident seasonal variability in almost all latitudes. These are different from those of E P and strongly suggest that in the study of lower stratospheric GW activity, it may be inappropriate to take only the potential energy into account, and, we should pay more attentions to the kinetic energy, total energy and their variations.
Tropospheric GW energy
It is obvious in Fig. 1 that the latitudinal variations of both E P and E K in the troposphere are completely different from those in the lower stratosphere. E P in the troposphere exhibits an obvious poleward increase trend except for a second maximum value occurring around the latitude of 50 • N. The maximum E P in the troposphere is about 2.6 J kg −1 occurring in latitudes of 70 • N-75 • N in winter. Moreover, an obvious seasonal variation of E P can be observed in almost all latitudes. These are different from those in the lower stratosphere. E K in the troposphere shows a prominent peak value about 5.0 J kg −1 in latitudes around 40 • N in winter, which is believed to be yielded by strong middle latitudinal tropospheric jets in winter.
As a natural consequence, the latitudinal and seasonal variations of E T in the troposphere are remarkably different from those in the lower stratosphere. In the troposphere, the E T has a prominent peak around 45 • N. One can observe a strong seasonal variation of the E T in all latitudes, especially in the middle and high latitudes, which are evidently different from those in the lower stratosphere. So striking differences between GW activity in the troposphere and lower stratosphere are not likely explained only by the background wind Doppler shifting due to strong tropospheric jets in the middle latitudes as proposed by Vincent and Alexander (2000) , especially in the low latitudes, where the tropospheric jet is usually weak.
Discussion
Many efforts have been carried out to account for the low latitudinal peak of the lower stratospheric E P . Alexander et al. (2002) attributed such a peak to a natural consequence of the latitudinal variation in the Coriolis parameter f , which controls the lower limit for GW intrinsic frequency . Based on the dispersion relation of inertial GW, Alexander et al. (2002) showed that the intrinsic frequency and vertical group velocity of vertically propagating inertial GWs can be smaller in the lower latitudes due to the smaller value of the Coriolis parameter f . Consequently, they suggested that inertial GWs have more chance to be observed in the lower latitudes, because these waves may stay longer in the stratosphere before they propagate out of the observational altitudes. But, it should be emphasized that according to above interpretation, the lower f at low latitudes only implies that GWs at low latitudes have a larger probability to be captured by a single radiosonde measurement rather than that GWs at low latitudes have larger energy. However, multi-station observations by Zhang and Yi (2007) indicated that in the troposphere, which was extensively regarded as the main GW source regions, the GW occurrence rates (defined as the ratio of the number of GW events to that of acceptable measurements) in the low-middle latitudes have almost the same value of about 50% and have no obvious latitudinal variation. Similar results (not shown) can also be obtained from the presented data set. Most recently, Chun et al. (2007) examined the convection sources in the tropical region (30 • S-30 • N) by analyzing high-resolution Global Cloud Imagery (GCI) and 6-hourly NCEP-NCAR reanalysis data. Their study suggested that the equatorial peak of E P revealed by satellite observations resulted mainly from latitudinal variations of the convective source rather than those of Coriolis parameter. Thus, it is likely that the equatorial peak of GW potential energy was mainly caused by strong convection instead of larger occurrence rate of GWs in the low latitudes.
The difference between the latitudinal distributions of E K and E P in the lower stratosphere may also be attributed to the latitude distribution of GW sources. It is well known that besides topographic generation, strong convection, tropospheric jets and polar night jets also play important roles in the excitation of GWs in, respectively, the low, middle and high latitudes. Furthermore, a simulation study (Huang et al., 2002) indicated that, when a GW was newly excited by a thermal (momentum) source, large E P (E K ) could happen before the occurrence of large E K (E P ). Therefore, the latitudinal distributions of E K and E P could be different due to the latitudinal dependence of different sources. In middle latitudes, the tropospheric jet can generate intensive GWs (Plougonven et al., 2003; Zhang and Yi, 2005, 2007; with very large kinetic energy, which has been confirmed by VHF radar (Murayama et al., 1994) and intensive radiosonde observations . Additionally, according to the GW theory, the ratio of E K to E P can be expressed in terms of GW intrinsic frequency and Coriolis parameter:
+f 2 2 −f 2 . This formula implies that at the same wave intrinsic frequency and potential energy density, GWs can carry more kinetic energy in the higher latitudes due to larger f . Thus, it is theoretically possible that GWs in higher latitudes may have larger kinetic and total energies. However, in the middle and high latitudes, due to absorption or reflection by jets, only part of the upward-propagating GWs excited by tropospheric jets can penetrate into the lower stratosphere, thus, E T in the lower stratosphere still exhibits a prominent low latitude peak and a weak peak in middle latitudes in spite of a prominent middle latitude peak of E K in the troposphere.
Another interesting issue is the causes and implications of the striking differences between GWs in the troposphere and lower stratosphere. To further study the differences, we plot, in Fig. 2 , the latitudinal and monthly variations of the difference between the troposphere and lower stratosphere (defined as the values in the lower stratosphere subtracted by those in the troposphere) in E T for upward-propagating GWs (left panel) and the mean number of upward-propagating GWs for each station (right panel). An interesting characteristic shown in the left panel in Fig. 2 is a clear zero line around the latitude of 35 • N, which exactly corresponds to the latitude of the second maximum value of E k in the lower stratosphere and has never been reported before. In latitudes lower than 35 • N, E T in the lower stratosphere is larger than that in the troposphere, strongly indicating that there are intensive GW sources lying in the intermediate region between the tropospheric and lower stratospheric segments, typically, in the height range of 10-18 km. This can also be observed from the right panel of Fig. 2 , in which we can see that except in the polar region (with latitudes higher than 70 • N), the upward-propagating GW events in the lower stratosphere are obviously more than those in the troposphere. Apparent differences in the number of upward-propagating GW events occur in two latitudinal regions, the first one is 5 • N-10 • N in March and April, and the second one is around 25 • N in January, April, October and November. Since this difference is especially evident in the tropical and subtropical latitudes, we speculate the upper tropospheric convection rather than the Doppler shifting due to strong jets is the main cause responsible for the differences. These results further suggest that the intermediate region is an important source region for GWs, and should be given more attentions in future studies. While in latitudes higher than 35 • N, the situation reverses. This may result from the absorption of upward propagation GW energy by the tropospheric jets in the middle and high latitudes. Another possible cause for this latitudinal difference may be the latitudinal variation of the altitude distances of the lower stratospheric segment to the tropopause due to the latitudinal variation of tropopause heights. Moreover, the latitudinal location of the zero line seems to be invariant with season.
Similar to Fig. 2 , the statistical results of downwardpropagating GWs are shown in Fig. 3 . In almost all latitudes and months, the total energy densities of downwardpropagating GWs in the lower stratosphere are smaller than those in the troposphere. The right panel of Fig. 3 indicates that the downward-propagating GWs in the troposphere are generally more frequent than that in the lower stratosphere. An extremely evident region is around 25 • N in May and October and November, which corresponds to the large value regions shown in the right panel of Fig. 2 and further confirms that the intermediate region is an important GW source region. Finally, we present the latitudinal and seasonal variations of the fractions of upward propagation (defined as the ratio of the number of upward-propagating GWs to the total number of GW events) for GWs in the troposphere and lower stratosphere in Fig. 4 . In the troposphere, in most latitudes and months the upward-propagation fractions are around 50%, which is in good agreement with previous radiosonde observations (Wang et al., 2005; Zhang and Yi, 2005, 2007) and implies that most GW sources lie within the tropospheric segment. There are two low fraction regions, one is around 15 • N in February, and the other is around 25 • N in October. Recalling that around 25 • N in October, as shown in Figs. 2  and 3 , the number of upward-(downward-) propagating GWs in the lower stratosphere is more (less) than that in the troposphere, we believe there are intensive GW sources within the intermediate segment at 25 • N in October. A possible source may be the intensive upper tropospheric convection in monsoon season. Much larger fractions of upward propagation are observed in the lower stratosphere. In all latitudes and months, the fractions are larger than 70%, indicating that most of the stratospheric GW sources are located in the lower heights, e.g., the troposphere. A minimum value about 70% emerges in the middle latitudes in winter due to the absorptions and/or reflections by the strong tropospheric jets, suggesting the important role of middle latitude tropospheric jets in determining the GW activity in the stratosphere.
Generally, our analyses revealed strikingly different latitudinal distributions of GW activity in the troposphere and lower stratosphere, and the drastically different latitudinal distributions obviously can not be fully explained by the background wind Doppler shifting, especially in low latitudes, where the tropospheric jets are believed to be weak. On the other hand, although GWs were launched in the lower stratosphere in many previous middle and upper atmospheric modeling works, recent numerical experiments and comparisons with observations (Warner and McIntyre, 2001; Ern et al., 2006; Fröhlich et al., 2007) suggested that in order to reproduce more realistic dynamic and thermal structures in the middle and upper atmosphere, the launching height of the prescribed GWs should be in the troposphere with a typical value at about 5 km. Furthermore, Ern et al. (2006) and Fröhlich et al. (2007) emphasized that the launch height in the troposphere could provide a longitudinal filtering particularly due to the subtropical jets and this could not be achieved if the GWs were launched in the lower stratosphere. These numerical efforts indicated that the source parameterization of GWs in the troposphere can not be replaced by that in the lower stratosphere, indicating the significance of comprehensive understanding of the tropospheric GW activities.
Summary
Aiming at investigating the latitudinal and seasonal variations of GWs in the TLS, we analyzed 10 years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) of radiosonde data over 92 United States stations in the Northern Hemisphere. The primary conclusions are summarized as follows:
The latitudinal variation of GW potential energy density in the lower stratosphere presented in this paper are in good agreement with satellite observations, indicating that most of the latitudinal variation of GW activity can be revealed by the long-term multi-station radiosonde observations. Due to the irregular geographical distribution of the radiosonde stations, the seasonal variation revealed by present radiosonde observations is somewhat different from that revealed by satellite observations. GW kinetic and total energy densities in the stratosphere have a second maximum in middle latitudes, and seasonal variation of the total energy density can be observed in almost all latitudes. A possible explanation is the strong midlatitude tropospheric jets in winter can generate intensive GWs (Plougonven et al., 2003; Zhang and Yi, 2005, 2007; . These results are different from those of the potential energy density and are believed to be closely linked with the latitudinal dependence of GW sources. Moreover, the evident differences between the GW kinetic and potential energies in the lower stratosphere suggest that in order to fully understand the global GW activity, the contributions of GW kinetic energy and its geographical and seasonal variations should be fully included.
The latitudinal distribution of GW energy in the troposphere is distinctly different from that in the lower stratosphere. Obviously, so striking a difference cannot be fully accounted for only by the Doppler shifting due to the tropospheric jets in middle latitudes and polar night jets in high latitudes, indicating the significance of a comprehensive understanding of the tropospheric GW activity. In order to fully understand the difference between GWs in the troposphere and lower stratosphere, we should also consider the geographical distribution and seasonal variation of GW source in the lower atmosphere. Additionally, the latitudinal variation of the altitude distances of the lower stratospheric segment to the tropopause is another possible cause responsible for this difference.
The difference of the upward-propagating GWs in the troposphere and lower stratosphere displays a clear zero line around the latitude of 35 • N, which exactly corresponds to the latitude of the second maximum value of E k in the lower stratosphere and has never been reported before. In latitudes lower than 35 • N, E T in the lower stratosphere is larger than that in the troposphere, while in latitudes higher than 35 • N, the situation reverses.
A detailed comparison between the upward-propagating GWs in the troposphere and lower stratosphere suggest that the intermediate region between the tropospheric and lower stratospheric segments, typically, in the height range of 10-18 km, is an important source region for GWs in the middle and upper atmosphere, and should be given more attention in the future studies.
